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Sequence alignment and phylogenetic tree analysis shown in Fig. 1 were performed using Clustal X version 2.0 (Larkin et al., 2007) . Aligned sequences were reproduced by Genedoc version 2.6.002 (Nicholas et al., 1997) . Conserved sequences among AtCHX15-20 are labeled in black. Predicted transmembrane domains are shown above the sequences. TM indicates predicted transmembrane region. Basal pH cyt of all strains incubated at 0.8 mM K at either pH ext 5.6 (C) or pH ext 8.0 (D) was 0.1 lower than cells grown at 8 mM K (see Fig. 4B and 4C ).
E-F) Vacuolar pH. Yeast strains KTA 40-2, AXT3, and LMB01 harboring empty vector (EV), CHX17 or CHX20 were prepared as above (Fig S2B) . After normalization, cells were loaded with 50 M BCECF for 25 min, and then washed before starting the experiment. After incubation for 10, 30, 50 or 70 min, relative fluorescent signals were collected. Two independent lines of the same strain were used and six replicates were assayed per line at each condition (N=2, n=12). Bars = SEM. E) Effect of 0.1 mM K + and external pH 5.6 on vacuolar pH. CHX20 and ScNHX1 caused vacuolar alkalinization. CHX17 and KHA1 had no effect on pH vac . Compared to 8 mM K + (Fig 4E) , CHX20 increased pH vac ~0.1 pH unit while ScNHX1 alkalinized pH vac 0.1 pH unit lower at 0.1 mM K + . No change in pH vac was observed in yeast strain KTA40-2 expressing EV, CHX17 or KHA1 at 0.1 or 8.0 mM K + . F) Effect of 0.1 mM K + and external pH 8.0 on intracellular pH (pH cyt + pH vac ). Yeasts harboring ScNHX1 (LMB01) showed pH in higher than strain KTA40-2 expressing EV, CHX17, KHA1 or CHX20. Only CHX20 acidified pH in further 0.2 pH unit at 0.1 mM K + when compared to at 8 mM K + (Fig 4F) . No pH in alteration was observed in yeasts expressing EV, CHX17 or KHA1 at 0.1 or 8.0 mM K + . Strains LMB01, LMM04, KTA40-2, and AXT3 harboring pDR196 alone (EV) or vector with CHX17 or CHX20 were grown overnight in YNB medium. In experiment with K + uptake-deficient strain LMM04, medium was supplemented with 100 mM KCl. Yeast cell culture was then diluted 20-fold with the same medium and incubated for 14-16 h. Cells were washed five times and K + -starved for 4 h in SDAP medium and normalized to A 600 of 5.33. K + uptake mixture consisted of SDAP medium, 2% glucose, 0.02 mM KCl, 0.75 Ci/ml 86 Rb, and 10 7 cells/ml. At indicated times, 750 l of cells was filtered and washed with 1.25 mM RbCl. Data are from four experiments. Bars represent SEM (n=4).
A-B) Time-course of K + ( 86 Rb) transport into K + -uptake deficient yeast at pH e 4.5 (A) or 7.5 (B). Flux was measured in LMM04 mutant expressing EV (○),CHX17 (□), or CHX20 (Δ). Inset show K + uptake into LMB01 cells that harbor wild-type TRK1,2 and TOK1 (◊).
C-D) Time-course of K
+ transport into KTA40-2 and AXT3 strain at pH 4.5 (C) or 7.5 (D). Flux was measured in KTA40-2 cells expressing empty vector (○), CHX17 (□), CHX20 (Δ), or in AXT3 cells carrying wild-type KHA1 and empty vector (•). Figure S5 . CHX rescued growth of K + -uptake deficient E. coli. E. coli strain LB2003 (trkAΔ, kup1Δ, kdpABCDEΔ) harboring pPAB404 vector only (EV), Arabidopsis CHX17, CHX20, or KAT1 were grown overnight in YTM medium supplied with 30 mM KCl at pH 7.2. Cell cultures were replenished and grown for 2-3 h, and then washed with the same medium (YTM). Cells were normalized to A 600 0.5, 0.02 and 0.008 for plate assay, and 0.5 for liquid assay. A) CHX17, KAT1 or CHX20 expression rescued E. coli LB2003 growth. Twenty l of cell suspension normalized to A 600 0.5 was added to 180 l YTM medium at pH 6.6 and incubated at 30 o C for 18 h with shaking. A 600 was monitored every 15 min in 96-well microplate reader. All test YTM medium contained ~4 mM K, plus 50 µg/ml ampicillin, 0.5 mM IPTG, 10 mM MES and 10 mM MOPS at pH 6.6. Graph represents an average of A 600 observed from 2 independent transformants and 2 replicates for each strain (n=4). B) CHX20, CHX23 and CHX17 rescued E coli growth differentially on medium containing varying levels of K and Rb. Five µl of cell suspension normalized to A6000.5, 0.2 or 0.008 was spotted on solid YTM medium supplemented with cations as indicated at pH 5.5 or pH 6.5, and incubated for 20 h at 30 o C. The relative effectiveness of growth at 10 mM K was : CHX20 >> CHX23 > CHX17 = KAT1 at pH 5.5. Figure S6 . CHX16-CHX20 tagged with GFP at the C-terminus retained activity. Yeast strains KTA40-2 and AXT3 harboring pGWFDR (GFP fusion at 3' end) alone (GFP) or with CHX15-20 were grown in YNB overnight, diluted 5-fold with YNB without carbon source, and incubated for 12-14 h. Cells were washed, normalized to A 600 0.2, and serially diluted 10-fold. Five l was dropped on to YNB-MES medium at pH 7.5 or pH 5.6 with or without 150 µg/ml HygB. After 3 d, KTA40-2 strain expressing CHX16-20 fused at the C-terminus with GFP grew at pH 7.5. CHX16 and CHX20 tagged at the C-terminus with GFP caused HygB sensitivity similar to CHX alone (see Fig. 2B ). Figure S7 . Localization of CHX17-GFP to punctate and CHX16-GFP and CHX20-GFP to reticulate structures in protoplasts. Arabidopsis leaf protoplasts were transfected with CHX16-GFP, CHX17-GFP, CHX20-GFP, ER lumen marker GFP-HDEL or vacuole membrane marker GFP-SYP22 as described in Supplemental Methods. After 18 to 24 h, fluorescent signals were observed using LSM 510 confocal microscope. DIC images of cell is at left and chlorophyll fluorescence (CHL) is shown at right with GFP. Bars = 5 µm. Figure S8 . Effect of pH 5.5 or 7.3 on growth of yeast strains expressing different cation transporters. Yeast strain KTA40-2, AXT3, and LMB01 transformed with pYES52-derived expression vector (EV), or vector harboring CHX17 or CHX20 were grown in YNB medium overnight. Cells were then diluted 10-fold with YNB containing 0.44% galactose and incubated for 14-16 h. Cells were washed and normalized to A 600 0.2 or 0.8 with K + -free YNB medium without carbon source. Then 20 µl of yeast suspension were added to 180 µl of K + -free YNB with 2% galactose and 8 mM K + at pH 5.5 (A) or 7.3 (B) in 96-well ELISA plates. Plates were incubated at 30 o C and A 600 was measured for 24 h. The effect of pH on extracellular CPY was determined on a separate microplate at early log phase (17-20 h) . Bars represent SEM (n=14). Figure S9 . Gentamicin resistance is enhanced in yeast expressing CHX17, KHA1 or ScNHX1. Yeast strain KTA40-2, AXT3 (KHA1), and LMB01 (NHX1) harboring pYES52 derived expression vector (EV), or vector harboring CHX17 or CHX20 were prepared as above (Fig. S8 ). Cells were normalized to A 600 0.15 and diluted 10 fold serially. Five l of each serial dilution was dropped on to YNB-MES supplemented with galactose at pH 6.0, and incubated for 2 d. Images represent one of the two independent transformants. Mutants expressing ScNHX1, CHX17 or KHA1 enhanced resistance to hygromycin B (50 µg/ml) and gentamicin (200 µg/ml; MP biomedicals, 1405-41-0). KTA40-2 strain expressing CHX20 was hyper-sensitive to gentamicin and hygromycin B similar to Fig 2B. LB2003 cells harboring pPAB404 alone (EV) or vector with CHX17 , CHX20 or KAT1 were induced by IPTG during K + starvation. Reaction mixture consisted of 0.6 mM RbCl (0.5 µCi/ml 86 Rb) and ~2.5x10 8 cells/ml in SGM-MES-MOPS at pH 6.2 plus one cation-Cl (Li Δ, Na ○, K▲, Rb •, Cs ■, NH 4 □) at near 0,1, 3, 10, or 30 mM. 86 Rb uptake was measured at 30 min by subtracting EV background uptake. 1/% Rb uptake was plot against cation concentration. IC 50 (half maximal inhibitory concentration) was estimated from concentration where 1/% Rb uptake = 0.02 and was correlated with an initial slope. A) CHX17-dependent Rb uptake was inhibited by Cs + > Rb + = K + >> Na + . Uptake without added cation (100%) was 0.8 nmol Rb + per 10 8 cells. B) CHX20-dependent Rb uptake was inhibited by Cs + > Rb + > K + >> Na + . Uptake without added cation (100%) was 2.4 nmol Rb + per 10 8 cells. C) KAT1-dependent Rb uptake was inhibited by Cs + > K + > Rb + >> Na + . Uptake without added cation (100%) was 0.85 nmol Rb + per 10 8 cells. Data are from 2 independent experiments except a single i t i C B t LB2003 cells harboring pPAB404 alone (EV) or vector with CHX17 , CHX20 or KAT1 were induced by IPTG during K + starvation. Reaction mixture consisted of 0.6 mM RbCl (0.5 µCi/ml 86 Rb) and ~2.5x10 8 cells/ml in SGM-MES-MOPS at pH 6.2 plus one cation-Cl (Li Δ, Na ○, K▲, Rb •, Cs ■, NH 4 □) at near 0,1, 3, 10, or 30 mM. 86 Rb uptake was measured at 30 min by subtracting EV background uptake. 1/% Rb uptake was plot against cation concentration. IC 50 (half maximal inhibitory concentration) was estimated from concentration where 1/% Rb uptake = 0.02 and was correlated with an initial slope. A) CHX17-dependent Rb uptake was inhibited by Cs + > Rb + = K + >> Na + . Uptake without added cation (100%) was 0.8 nmol Rb + per 10 8 cells. B) CHX20-dependent Rb uptake was inhibited by Cs + > Rb + > K + >> Na + . Uptake without added cation (100%) was 2.4 nmol Rb + per 10 8 cells. C) KAT1-dependent Rb uptake was inhibited by Cs + > K + > Rb + >> Na + . Uptake without added cation (100%) was 0.85 nmol Rb + per 10 8 cells. Data are from 2 independent experiments except a single experiment in C. Bars represent SEM (n=2). Red line indicates IC 50 , 1/% Rb uptake = 0.02.
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